With the arrival of low-cost, next-generation sequencing a multitude of new plant genomes is being publicly released, providing unseen opportunities and challenges for comparative genomics studies. Here, we present PLAZA 2.5, a user-friendly online research environment to explore genomic information from different plants. This new release features updates to previous genome annotations and a substantial number of newly available plant genomes, as well as various new interactive tools and visualizations. Currently, PLAZA hosts 25 organisms covering a broad taxonomic range, including 13 eudicots, five monocots, one Lycopod, one moss, and five algae. The available data consist of structural and functional gene annotations, homologous gene families, multiple sequence alignments, phylogenetic trees, and colinear regions within and between species. A new Integrative Orthology Viewer, combining information from different orthology prediction methodologies, was developed to efficiently investigate complex orthology relationships. Cross-species expression analysis revealed that the integration of complementary data types extended the scope of complex orthology relationships, especially between more distantly related species. Finally, based on phylogenetic profiling, we propose a set of core gene families within the green plant lineage that will be instrumental to assess the gene space of draft or newly sequenced plant genomes during the assembly or annotation phase.
INTRODUCTION
Thanks to recent advances in sequencing technologies (Martinez and Nelson, 2010) , the price per base pair has dropped sharply (Schuster, 2008) . Therefore, genome sequencing is no longer restricted to model organisms and a variety of species of ecological, agricultural or economical importance are sequenced by several laboratories around the world (Jaillon et al., 2007; Sato et al., 2008; Velasco et al., 2010) . Recently, resequencing additional genomes of a reference species has become feasible as well (Garris et al., 2005) , improving the understanding of genomic variation. Whereas a single genome provides a basic catalog of all genes it encodes, comparison of genomes gives insights into the evolution and adaptation of species to specific environments (Dassanayake et al., 2011) . However, comparative genomics studies come at an extra cost: as the number of available genomes increases, large-scale analyses become increasingly difficult for non-experts, whereas the computational requirements to extract biological information grow rapidly. Furthermore, biological variation between species and differences in sequence quality enhance the complexity of evolutionary analyses.
RESULTS AND DISCUSSION

Gene annotation and gene families
Parsing the 25 genomes present in PLAZA 2.5 resulted in 909,850 genes, covering 85.8% protein coding genes, 13.7% transposable elements, 0.3% RNA genes and 0.1% pseudogenes (Table I ). Besides nuclear gene annotations, chloroplast and/or mitochondrial gene information was included was well, when available. In total, 13 eudicots, five monocots (Liliopsida), one Lycopod, one moss, and five algae were integrated, of which 16 are new species compared to the previous release. The functional annotation pipeline resulted in 462,958 (419,028 without GO projection) genes with at least one associated Gene Ontology (GO) term, and 519,047 protein coding genes with at least one InterPro domain (Table I) Table S1 ), with a gene family defined as a cluster of two or more homologous genes.
This coverage represents a considerable increase compared to PLAZA 1.0, in which only 77.6% and 68.1% of the coding genes where assigned to gene families and multispecies gene families, respectively. Multispecies gene families are commonly applied for than 70% of the protein-coding genes present in gene families (Supplementary Figure   S1 ).
Core plant gene families and detection of clade-specific or expanded gene families
Most new genome sequences generated by next-generation sequencing methods do not provide the full genomic sequence (Al-Dous et al., 2011) , but rather aim at providing sequences containing the majority of the proteome, potentially missing noncoding genes or intergenic regions. The extremely large genome sizes associated with some organisms prevent full-genome sequencing and enforce the application of transcriptome sequencing to build gene catalogs (Bennett and Leitch, 2005) . A key challenge in comparative gene family analysis is discerning whether the absence of a species within a gene family is functionally and evolutionarily relevant or rather an artifact from the assembly and/or annotation procedures. As a consequence, the reliable assessment of the gene space provides an important measure to determine the quality of genome sequencing and annotation projects.
Based on families conserved in a specific set of species, core gene families were created by means of PLAZA 2.5. Families were selected on the basis of their gene content in phylogenetic subclades from the PLAZA species tree, tolerating missing homologs in a small subset of species (see Material and Methods; Supplementary Method S1). Three sets of core gene families were built based on the subclades rosids, monocots, and green plants. This phylogenetic approach resulted in 6,316, 7,076 and 2,928 core primitive land plants, showed a high number of potentially missing genes. We propose these lists of core gene families as a reference set to quantify the gene space in future genome projects.
Whereas core gene families are a useful tool for asserting proteome completeness, the study of species-(or lineage-) specific (expanded) gene families is equally important to understand how species can adapt to particular niches (Supplementary Tables S5 and   S6 ). Tandem gene duplications are a known mechanism used by plants to rapidly increase the expression rate of a gene (Hanada et al., 2008) , instead of the transcription rate. Two new tools were implemented to facilitate the detection of gene families based on phylogenetic profiles (presence or absence of a gene family in a species) or expansion statistics. Whereas the Gene Family Finder tool enables the identification of (expanded) gene families specific to one or more species, the Gene Family Expansion Plot displays gene family expansions patterns between two (sets of) organisms (Supplementary Figure   S3 ).
Integrative Orthology Viewer: an ensemble approach to detect orthology relationships
Several methods for finding orthologs between two or more species have been described, each with its own strengths and weaknesses (Gabaldon, 2008) . Whereas Reciprocal best BLAST-Hit (RBH) detection (Huynen and Bork, 1998) between closely related species provides a practical solution to identify orthologs, it cannot deal with complex one-tomany or many-to-many orthologous relationships between more distantly related species. Although OrthoMCL has been shown to have a good tradeoff between false positives and false negatives (Chen et al., 2007) , we observed that 3,506 Arabidopsis genes (13% of the proteome) had a predicted orthologous rice gene based on the Integrative method, whereas no ortholog was found using OrthoMCL. Of the 3,506
Arabidopsis genes having one or more rice ortholog(s) (covering 3,874 rice genes in total), 40% exhibited conserved expression conservation. This result indicates that a considerable fraction of gene pairs not reported by OrthoMCL represents conservatively coexpressed orthologs, revealing the complementary nature of both approaches.
Application of the integrative method (requiring at least two support types) to predict orthologs from Arabidopsis in other species, revealed overall 30% more predictions compared to OrthoMCL (Figure 2 ). Although the difference in the number of one-to-one orthologs is minor for most species, the number of complex orthology relationships (one-to-many and many-to-many) is higher for the integrative method. The frequent occurrence of WGD is an important driver responsible for the high frequency of complex orthology gene relationships in plant genomes.
Clusters of functionally related genes in eukaryotic genomes
Whereas in many prokaryotic genomes genes are organized in operons, this is relatively rare in eukaryotes (Osbourn and Field, 2009 ). However, the overall absence of polycistronic mRNAs in eukaryotic genomes does not imply a random gene organization within chromosomes (Osbourn; Hurst et al., 2004; Michalak, 2008; Koonin, 2009 ). In several eukaryotic species clusters, with genes sharing similar expression patterns, members of the same pathway or genes with related functions, have been described, indicating that the null-hypothesis of random gene order is incorrect (Hurst et al., 2004) .
Recent studies have suggested that the chromatin state, either euchromatin or heterochromatin, is one of the contributing factors to the coexpression of neighboring genes (Hurst et al., 2004; Michalak, 2008) , and bidirectional promoters as well (Fabry et al., 1995) .
To study the clustering of functionally related genes, the C-Hunter program (Yi et al., 2007) was used for a genome-wide analysis. This tool detects statistically significant clusters of neighboring genes based on the similarity of GO annotations. The standard CHunter run (no tandem gene removal, minimum genes 2, maximum genes 30) resulted in 5408 significant clusters covering 34,407 genes from 25 different species. As the majority of these clusters (68%) are composed uniquely of tandemly duplicated genes, an extra data set was created to detect clustering of nonhomologous genes (Michalak, 2008) .
In this data set every set of tandem genes was represented by a single gene representative (see Methods). The number of clusters varied widely among the different species (Supplementary Figure S4A) , suggesting that both the quality and quantity of the structural and GO annotations of genes played a major role, as well as the assembly of scaffolds in the chromosomes. More compact genomes, such as those of the algal species, had a smaller number of functional clusters, whereas the number of detected functional clusters in larger genomes correlated with the number of genes per scaffold and the number of genes with a GO term (Supplementary Figure S4B) . The resulting clusters are included in the database and can be browsed from both gene pages and GO pages on the PLAZA website. Furthermore, a visualization presenting the significant functional clusters per chromosome (Figure 3 ) was created with a GO domain based coloring.
Colinearity-based genome analysis
As a means to study genome organization and evolution, i-ADHoRe (Proost et al., 2011) is used to discover genomic homology based on gene colinearity within and among 
MATERIAL AND METHODS
Gene models and gene families
An overview of all primary sources supplying gene annotation data is presented in Table   I The core gene families were selected by a phylogenetic approach: the clades with at least two non-leaf subclades were retained from the PLAZA species tree, and to be considered as a core family for these clades, at least one organism within each of the subclades had to possess a representative gene (Supplementary Methods S1). This approach inferred, based on parsimony, that a gene family was present at ancestral nodes with tolerance of potential annotation errors in a limited number of species. The total set of core gene families for a given clade consisted of the intersection gene family sets generated by subclades. For each core gene family representative genes were selected, 1 7 using BLASTP scores with other gene family members as evaluation metric. To assess the gene space in available plant genomes, each core family was counted with a weight equal to 1/average family size. The average gene family size was defined by the total number of genes in a gene family divided by the number of species within that family.
The weighting scheme corrected for the observation that the probability of finding a homolog is higher for large families compared to single-copy or small families.
Colinearity
Homologous genomic regions were detected with i- 
Functional annotation
Gene ontology (GO) annotation, when available, was downloaded along with the gene models. Furthermore InterPro scan (Hunter et al., 2009 ) was run on all protein-coding gene models and additional GO annotations were inferred with InterPro to GO mapping.
Redundant GO annotations were merged according to the GO evidence code rank (Buza et al., 2008) . To avoid the inclusion of obsolete GO terms, a filter was applied using the set of valid GO terms derived from http://geneontology.org (Ashburner et al., 2000) . The GO annotation was also projected between orthologs from eudicots and monocots (Proost et al., 2009) . GO enrichment was analyzed for each gene family, with only the organisms with genes in the gene family under investigation being used as background model for the statistical analysis (hypergeometric distribution with Bonferonni correction for multiple testing). Only GO terms covering at least half of the annotated genes in a family and with corrected p-values <0.05 were retained.
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Functional gene clusters
Clusters of functionally related genes (functional clusters) were detected using C-Hunter (Yi et al., 2007) on two different datasets that differed by whether the tandemly duplicated genes had been collapsed to a single representative or not. Two different runs were performed on each dataset, with different minimum (2/30) and maximum (10/150) cluster sizes. The e-value cutoff (0.001) and maximum cluster overlap (50%) were the same for the different runs. When multiple clusters spanning the same location were detected, because of GO terms organization as a directed acyclic graph (Ashburner et al., 2000) , only the most significant cluster was retained.
Orthology prediction and evaluation
The PLAZA integrative approach for orthology detection was based on four methods:
orthologous gene families, phylogenetic trees, colinear regions and multispecies best BLAST hits. For the gene families OrthoMCL clusters were used, the phylogenetic trees were constructed based on gene families inferred with TribeMCL, the colinear regions were detected with i-ADHoRe, and the best BLAST hits (with inparalogs), namely BestHits-and-Inparalogs (BHI) families, were detected by an OrthoInspector-like approach (Linard et al., 2011) . Briefly, interspecies best BLAST hits were first retrieved for each gene and in a second phase inparalogs were included, defined as the intraspecies BLAST hits that were more similar than the best interspecies BLAST hits. 
AVAILABILITY
PLAZA 2.5 is available from http://bioinformatics.psb.ugent.be/plaza and is free for academic use.
SUPPLEMENTARY MATERIAL
Supplementary tables S1-S6: (files: PLAZA_2.5_supplementary_data.pdf, core_families_rosids.xlsx, core_families_monocots.xlsx, core_families_greenplants.xlsx) - Supplementary Table 1 . Gene and gene family content for PLAZA 2.5.
-Supplementary Table 2 . List of rosid core gene families.
- Supplementary Table 3 . List of monocot core gene families.
- Supplementary Table 4 . List of green plant core gene families.
- Supplementary Table 5 . Species-specific gene families.
- Supplementary Table 6 . Clade-specific gene families. 
